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Keratinocyte transformationport a role of human papillomavirus type 8 (HPV8) in non-melanoma skin cancer
development. In this study, a quantitative two-dimensional (2D) differential gene expression (DiGE) gel
approach combined with mass spectrometry has been used to identify proteins that are abundantly
deregulated in primary human epidermal keratinocytes expressing HPV8 sequences. Twenty six protein spots
showed signiﬁcant changes in the level of expression between keratinocytes expressing E7 or the complete
early region (CER) of HPV8 compared to extracts from cells lacking HPV8 gene expression. No differences
between HPV8 E7 alone and HPV8 CER expressing cells were observed. The 26 protein spots that were
differentially expressed corresponded to 20 different proteins, of which 14 actin-associated proteins were
downregulated except for calponin-2, which was the only actin-binding protein that was overexpressed.
Besides changes in actin modulating proteins, an upregulation of cytokeratins (CK) 5, 6 and 14 was also
noted. This study suggests that the actin and keratin cytoskeleton modulating proteins are targets for HPV8.
© 2009 Elsevier Inc. All rights reserved.Human papillomaviruses (HPVs) are strictly epitheliotropic, with
speciﬁc viral types infecting stratiﬁed epidermis at deﬁned body sites.
Epidemiological and experimental evidence has deﬁned a role for HPV
in the development of speciﬁc human cancers, in particular cervical
cancer (zur Hausen, 2002). Several lines of evidence contributed to the
hypothesis that HPV plays also a role in non-melanoma skin cancer
development (reviewed in (Majewski and Jablonska, 2006; Pﬁster,
2003). However, in contrast to the body of knowledge describing the
roles for alpha-HPV early proteins involved in cervical carcinogenesis
(Munger and Howley, 2002), comparatively little is known about the
functions of the equivalent proteins derived from beta-HPV and their
possible roles in cell transformation and the development of non-
melanoma skin cancer (NMSC). Recently, it has been demonstrated
that the E6 and E7 proteins of the beta-HPV type 38 immortalize
human primary cells in vitro (Caldeira et al., 2003) and experiments in
organotypic skin culturemodel systems have demonstrated the ability
of the high-risk beta-HPV type 8-E7 to induce human keratinocyte
invasion (Akgül et al., 2005). Further evidence supporting a direct role
for HPV in NMSC development was provided by transgenic mice
expressing the complete early region (CER) of HPV8 under the controlsity of Cologne, Fürst-Pückler-
.
t, University of Oxford, John
l rights reserved.of the human keratin-14 promoter, where animals developed
spontaneous skin tumours without any exogeneous treatment with
physical or chemical carcinogens (Schaper et al., 2005). Overall
however, there is still little information that exists concerning
modulation of cellular protein expression pattern by HPV8 causing
keratinocyte transformation and invasion (reviewed in (Akgül et al.,
2006)).
Advances in proteomic technologies are providing tools to help
unravel the pathways involved in cancer development. Proteomic
analysis, utilizing high-resolution 2-D coupled with MS, is a powerful
means to identify differential protein expression between biological
samples. A recent advance has come from the introduction of CyDye
ﬂuorophores for prelabeling of protein samples. 2-D DiGE (differential
gene expression) technology adds a quantitative component to
conventional 2-D gel analysis, allowing for comparison of protein
expression changes across multiple samples simultaneously without
gel-to-gel variation, and hence with greater statistical conﬁdence
(Tonge et al., 2001; Von Eggeling et al., 2001).
We hypothesized that expression of HPV8 early region genes may
alter the expression proﬁle of proteins that play a role in keratinocyte
transformation and contribute towards tumourigenesis in HPV-
associated lesions. To investigate this, in this study we analysed
changes in abundantly expressed proteins in HPV8-E7 and HPV8-CER-
expressing cells compared to non-HPV8-expressing cells by 2-D DiGE
(Fig. 1A). In our experiments, we used primary human adult skin
keratinocytes, which are the natural target cells of cutaneous HPVs
Fig. 1. (A) 2D gel electrophoresis pattern of proteins from adult keratinocytes retrovirally transduced for HPV8-E7, HPV8-CER or empty vector. For the ﬁrst dimension IEF, 24 cm pH
3–10 (linear) Immobiline DryStrip (IPG) strips (GE Healthcare) were cuploaded with 150 μg of CyDye labeled proteins (50 μg of each ﬂuor Cy2, Cy3 and Cy5— for sample combinations
see Table 1). Isoelectric focusing was performed on an Ettan IPGphor IEF System using the Ettan IPGphor Cup Loading Manifold (both GE Healthcare). Equilibrated IPG strips were
transferred onto 1 mm thick 25×20 cm 12% polyacrylamide gels without a stacking gel, cast between low-ﬂuorescence glass plates. Gels were electrophoresed in an Ettan Dalt six gel
tank (GE Healthcare) at 20 °C, at 1.5 W/gel constant power overnight. Following SDS-PAGE, ﬂuorescently labeled proteins were visualized while still between the low-ﬂuorescence
glass plates using a Typhoon 9400 Variable Mode Imager and Typhoon Scanner Control Software, Version 3.0 (GE Healthcare). For the Cy2 images a 488 nm laser and an emission
ﬁlter of 520 nmwith a band pass (BP) of 40 nmwas used. Cy3 images were obtained using a 532 nm laser and an emission ﬁlter of 580 nm/BP30. Cy5 images were obtained using a
633 nm laser and an emission ﬁlter of 670 nm/BP30. (B) Protein association network of the proteins differentially expressed due to HPV8 expression based on STRING Network
Display. Protein–protein interaction prediction from the identiﬁed proteins. Stronger associations are represented by thicker lines. ACTA1: Actin, alpha skeletal muscle; KRT14:
Keratin-14; VCL: Vinculin; KRT5: Keratin-5; IMMT: Mitochondrial inner membrane protein (Mitoﬁlin); CNN2: Calponin-2; ENSP00000264785: WD repeat domain 1 (WDR1); MSN:
Moesin; GSN: Gelsolin; FLNB: Filamin B; HSPA4: Heat shock 70; TBCA: Tubulin-speciﬁc chaperone A TCP1; PDCD6IP: Programmed cell death 6-interacting protein; LMNA: Lamin A/C;
RDX: Radixin; TPM1: Tropomyosin-1; TPM3: Tropomyosin-3; TPM4: Tropomyosin-4.
2 Rapid Communicationthat were retrovirally infected with pLXSN-based recombinant retro-
viruses coding for HPV8-E7 or the HPV8-CER. Cells infected with the
empty retrovirus pLXSN were used as controls. The construction of
retrovirus pLXSN-8-E7 have been described in Akgül et al. (2005) and
the construction of pLXSN-8-CER and RT-PCRs demonstrating that the
HPV8 early genes E1, E2, E6 and E7 are expressed by this construct has
been reported in Akgül et al. (2007). Cells were infected with the
different recombinant retrovirus in triplicate, selected with G418,
expanded in passage 2 and pooled separately to generate 3 biological
replicates for each type of infection. Cells were lysed in 2-D lysis buffer
(7 M urea, 2 M thiourea, 4% CHAPS, 65 mM DTT, 1% pharmalytes pH3–10) containing a protease inhibitor cocktail (Complete Mini, Roche)
and endonuclease (Benzonase, Merck) for 1 h at RT. To remove
unsolubilised cell debris the cell lysates were centrifuged at 4 °C for
5 min at 14,000×g. Prior to labeling with CyDye DIGE Fluors, all
protein samples were cleaned using the 2-D Clean-up kit (GE
Healthcare). The resulting pellets were resolubilised in DiGE labeling
buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 30 mM Tris–Cl, pH
8.5) to give a ﬁnal protein concentration of between 5 and 10 mg/ml.
Experiments were performed according to the Ettan DIGE SystemUser
Manual. Analysis of gel images was performed using DeCyder
Differential Analysis Software Version 5.0 (GE Healthcare). The
3Rapid CommunicationBiological Variation Analysis (BVA) module was used to compare
abundant changes across the three control and 6 test samples.
DeCyder also performs Student's t-tests to determine statistically
signiﬁcant changes, as well as calculating average abundant changes
between the three sample populations. Approximately 2500 spots
were detected on each gel and 1200 of these were matched on all gels.
Only 100 protein spots, represented in all gels (n=9) with expression
level greater than 1.25-fold and pb0.05, were deﬁned as being
differentially expressed. Preparative gels for spot picking and
subsequent protein identiﬁcation by mass spectrometry were pre-
pared by running 400–500 μg of protein on 2-D gels. Due to the higher
protein load, samples were applied to the ﬁrst dimension strips using
an in-gel rehydration method. Samples were diluted in rehydration
solution (8 M Urea, 0.5% CHAPS, 65 mM DTT, 0.5% pharmalyte pH 3–
10). Protein spots were visualized using colloidal Coomassie blue and a
digital image of the preparative gel was imported into BVA (Biological
Variation Analysis) workspace and matched to the analytical gels.
Twenty-six distinct spots were able to be visualized and these were
manually excised from the gels, digested with Trypsin and analysed as
described by Craven et al. (2006). In addition, electrospray mass
spectra were recorded using a 4000 Q-TRAP mass spectrometer
(Applied Biosystems) interfaced to an additional LC Packings Inte-
grated nano-lc system.
The 26 protein spots showing signiﬁcant change in the level of
expression between sample and control extracts, corresponded to 20
different proteins as identiﬁed by mass spectrometry (Table 1). Based
on STRING protein–protein interaction predictions, an association
network of the proteins, which have their expression modiﬁed due to
HPV8 expression, was created (Fig. 1B). This bioinformatics analysis
indicated that the major group of proteins identiﬁed represent actin-
associated proteins. Actin is one of the main components of the
cytoskeleton in all cell types and is required for cell division, motility,
mechanical resilience and cell integrity. One of the hallmarks of
malignant transformation is the alteration of the cellular cytoskeleton,
resulting in decreased adhesion and modiﬁed adhesion-dependent
responses (Ben-Ze'ev, 1997). These alterations involve structural
components of the cytoskeleton or proteins that interact with these
structures (Janmey and Chaponnier, 1995). Since the actin cytoskele-
ton is controlled by its binding proteins (dos Remedios et al., 2003),
the downregulation of actin and actin-binding-proteins would be
predicted to facilitate neoplastic conversion. Consistent with this
hypothesis, all actin-modulating proteins identiﬁed in this study, with
the exception of Calponin 2, and discussed further in the text belowTable 1
Identiﬁcation of picked protein spots by mass spectroscopy and description of their functio
Spot no. T-test Av. ratio Protein M
1/6 0.0000012 +2.71 Keratin 14
2 0.00064 −1.74 Tropomyosin 1
3 0.0016 −1.82 Tropomyosin 4
4 0.0015 −1.86 Tropomyosin 3
5 0.02 −1.29 alpha-Actin
7 0.026 −1.54 Heat shock protein 70
8/9/10 0.000095 −1.69 Mitoﬁlin
11 0.0017 −1.54 Gelsolin
12/13 0.00088 −1.61 Moesin
14 0.0037 −1.60 Radixin
15 0.0013 −1.48 Vinculin 1
16/17 0.00017 −1.47 Filamin A 1
18 0.00070 −1.42 Programmed cell death 6 interacting protein (PDCD6IP)
19 0.00016 −1.44 Filamin B
20 0.00084 −1.67 Tryptophan-aspartate-repeat protein-1 (WDR1)
21 0.0058 −1.55 Lamin A/C
22 0.0064 −1.36 Chaperonin TCP1
23/24 0.000055 +4.99 Keratin 5
25 0.00011 +1.79 Keratin 6
26 0.00022 +1.72 Calponin 2were down regulated in HPV8-E7 and HPV8-CER cells when compared
to keratinocytes lacking HPV gene expression.
Tropomyosins are a family of actin-binding proteins that stabilize
microﬁlaments and are expressed with a high degree of tissue
speciﬁcity (Pawlak and Helfman, 2001). Tropomyosin 1 reorganizes
actin ﬁlaments and functions as a suppressor of malignant transfor-
mation (Mahadev et al., 2002) and the down-regulation by HPV8 E7
noted here may therefore contribute towards malignant progression.
Gelsolin is a calcium-regulated actin-binding protein, which functions
to regulate actin dynamics both by capping microﬁlament ends and
inducing actin depolymerization, as well as serving to nucleate new
growth of actin ﬁlaments (Kwiatkowski, 1999). Knockdown of gelsolin
has been described to induce epithelial–mesenchymal transition, a
process occurring during oncogenesis by which epithelial cells obtain
ﬁbroblast-like properties and show reduced cell adhesion (Tanaka
et al., 2006). Calponin-2 is the only actin associated protein over-
expressed in HPV8 positive keratinocytes. Previous studies suggested
that Calponin-2 may play a role in the organization of the actin
cytoskeleton (Danninger and Gimona, 2000). Interestingly calponin-2
has been shown to be over-expressed in human cutaneous SCC (Dang
et al., 2006). Notably also is that actin is also present in the nucleus,
where it is involved in activities including chromatin remodelling,
stress responses, nuclear export and transcription (Pederson and Aebi,
2002). In the nucleus it can interact with lamin A/C, proteins which are
components of the lamina network with roles in DNA organization
and replication (Spann et al., 1997). Lamin A/C expression has been
shown to be downregulated in human cutaneous SCC (Dang et al.,
2006). It is possible that E7 proteins of other viral types may also
increase calponin-2 and alter actin expression and that this may
account for the observed differences in SCC.
The third group of differentially expressed proteins comprises
cytokeratins (CK) CK5, CK6 and CK14. Keratin ﬁlaments are a class of
intermediate ﬁlaments that is selectively expressed in epithelia. The
basal cells of all stratiﬁed squamous epithelia express CK5 and CK14
(Purkis et al., 1990). Under hyperproliferative conditions epidermal
keratinocytes express CK6 (Kopan and Fuchs, 1989). The expression of
these cytokeratins was increased in HPV8 expressing cells when
compared to the control cells infected with empty retrovirus,
suggesting that the virus induces a hyperproliferative, basaloid state
which conﬁrms our previous observation of speciﬁc keratins being
overexpressed in HPV8 positive keratinocytes (Akgül et al., 2007). Not
associated with the cellular microﬁlaments are mitoﬁlin and vinculin.
Mitoﬁlin is an integral protein of the inner mitochondrial membranen towards actin
ol. weight Accession no. Function towards actin
51.6 NP_000517 Intermediate ﬁlament
32.8 AAH07433 Actin binding and stabilization
28.5 NP_999500 Actin binding and stabilization
29.0 NP_705935 Actin binding and stabilization
32.0 CAI19051 Component of the actin cytoskeleton
70.0 NP_005337 Modulation of actin formation and dynamics
79.7 BAA04654 Inner mitochondrial membrane protein
85.7 NP_000168 calcium-regulated actin binding protein
67.8 NP_002435 Links actin to plasmamembrane
68.6 NP_002897 Links actin to plasmamembrane
16.7 NP_003364 Associates with cell–cell junctions
04.2 AAH67111 Crosslinking of actin ﬁlaments
96.0 NP_037506 depletion causes accumulation of unusual actin structures
71.2 AAF97046 Crosslinks actin ﬁlaments
58.0 AAD05045 Actin binding, facilites actin turnover
65.0 CAI15521 Interacts with actin in the nucleus
57.5 NP_006422 Chaperone for actin folding
62.5 P13647 Intermediate ﬁlament
60.0 AAH69269 Intermediate ﬁlament
33.7 NP_004359 Organization of actin cytoskeleton
Fig. 3. Western blots showing the protein expressions of alpha-actinin, alpha-actin,
Tropomyosin-1, Keratin-5 and GAPDH in total cell extracts of adult keratinocytes
retrovirally transduced for HPV8-E7 or empty vector pLXSN.
4 Rapid Communicationwhose downregulation results in a drastic change in the organization
of the innermitochondrial membrane (John et al., 2005). But its role in
pathophysiology of human diseases is still unclear. Vinculin is the only
cytoskeletal protein found linked with cell–cell and cell–matrix
junctions (Rudiger, 1998). Vinculin null cells are highly metastatic
(Lifschitz-Mercer et al., 1997), motile (Xu et al., 1998a, 1998b) and
show reduced susceptibility to apoptosis (Subauste et al., 2004).
To further verify 2D-DIGE results we performed Western blot
analysis on total cell extracts from control cells and keratinocytes
expressing HPV8-E7 lysed in RIPA buffer. The blots were probed with
antibodies to three selected altered proteins, Tropomyosin-1 (rabbit
polyclonal to Tropomyosin-1, Abcam, Cambridge, UK), alpha-actin
(clone C4, Chemicon, Temecula, CA, USA), Keratin-5 (clone XM26,
Diagnostic BioSystems, Pleasanton, CA, USA) and GAPDH (clone
mAbcam9484, Abcam, Cambridge, UK) as loading control. Fig. 3
shows the result of this experiments conﬁrming the measured
expression level changes in these extracts.
The observation that most of the dysregulated proteins have been
implicated in the organization of the actin ﬁlaments suggested that
HPV8-E7 induced changes in cell cytoskeleton occurred. To address this
we analysed actin cytoskeleton organization of HPV8-E7 expressing
primary keratinocytes and compared this to control keratinocytes
infectedwith empty retrovirus. After adhesionof the cells in SFMtoglass
slides for 4 h, cells were ﬁxed 10 min with 4% PFA in PBS and the actin
cytoskeleton was visualized by using Cy3-phalloidin (10 μg/ml; Sigma)
for 1 h at 37 °C. Nuclei were counterstained by DAPI (1 μg/ml).
Interestingly, in control cells actin formed long stress ﬁbers with aFig. 2. Actin cytoskeletal organization in HPV8-E7 and control cells. The actin
cytoskeleton is visualized by using Cy3-phalloidin (red staining). Nuclei were counter-
stained by DAPI (blue staining).striated pattern that crossed the cell body as well as bundles present in
the cell periphery. In contrast in HPV8-E7 expressing cells fewer ﬁbers
were formed and a diffuse staining pattern was observed in the central
part of the cell. In addition, thoseﬁbers thatwere formed in theHPV8E7
cells were more diffusely packed than those seen in control cells and
weremore disorganized (Fig. 2). To further conﬁrm the observation, that
actinﬁbers are not correctly formed inHPV8-E7 cellswe also performed
Western blot for the abundant actin modulating protein alpha-actinin,
which bundles and cross-links actin ﬁlaments into stress ﬁbers
(Naumanen et al., 2008). The fact, that less alpha-actinin is detected in
extracts of E7 cells by the anti alpha-actinin antibody (clone H2, Santa
Cruz, Heidelberg, Germany) (Fig. 3) further supports the observation
that actin ﬁbers are diffusely organized in HPV8 positive cells.
Overall, our data is in line with observations made with alpha-HPV
type 16, where the amount of alpha-actin was decreased in cells
expressing HPV16-E7 (Nishida et al., 1995; Rey et al., 2000). It is
interesting to note that no difference was seen between the 2-D DIGE
images of cells expressing either HPV8-E7 alone or in context of the
complete early region with simultaneous expression of E1, E2 and E6
indicating E7 as the only viral gene modulating the expression of
cytoskeletal proteins of primary keratinocytes. However, we cannot
rule out the possibility that other differentially expressed proteins,
when comparing E7 to CER expressing cells, may be at a level below
the detection sensitivity of our experiments. Since the cytoskeletal
network plays an important role in cell shape and cell locomotion,
which in turn is thought to be involved in growth control, invasion and
metastasis, changes in the intermediate ﬁlaments actin and keratins
may contribute to the transformed cell phenotype induced by HPV8.
The changes in cellular protein expression brought about by HPV8
await further detailed analysis and the precise manner by which a
disrupted actin cytoskeleton can induce neoplastic conversion of virus
infected cells in human skin tumours remains to be determined.
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